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We have used the density functional method to model the atomic and electronic structure of diamond nanocrys-
tals passivated by hydrogen atoms and either not containing defects or containing a single [NV]– center. We
have shown that in all cases, after relaxation the nanocrystals are formed as diamond-like structures.
We have studied the features of the electronic structure of the nanocrystals. We have analyzed in detail
the mechanism for the formation of energy levels in the bandgap due to [NV]– centers. We have established
that the optical absorption and fluorescence spectra for the [NV]– centers are mainly associated with transi-
tions of electrons between the highest occupied β orbitals (projection of the electron spin equal to +1/2) and
lower unoccupied α orbitals (projection of the electron spin equal to –1/2). The results on the localization and
energy position of the states in the bandgap match data obtained for the [NV]– center in bulk diamond.
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Introduction. In recent years, significant progress has been made in improving the technology for obtaining
nanosized diamonds by detonation synthesis and chemical vapor deposition (CVD) (see, for example, [1, 2]), stimu-
lated by the possibilities for broad application of nanodiamonds for making ultrathin, superhard coatings, nanocompo-
sites, abrasive materials and lubricants, sorbents etc. A promising new area of application for nanodiamonds is using
them to make cheap widescreen displays [3, 4]. The indicated practical requirements have been why detailed study is
needed of the structural, surface, spin, and optical properties of nanodiamonds, which are substantially different from
the analogous properties of bulk diamond samples.
While the properties of bulk diamond samples have been well studied in decades of studies by very different
methods, including ab initio calculations [5–7], such study has still only begun for nanocrystalline diamond [8–12]. In
particular, in [9–11] detailed ab initio calculations were performed for the structure, stability, and optical properties of
nanosized diamonds. For nanodiamonds whose surface is passivated by hydrogen, in [11] it was demonstrated that
quantum size effects are not important for x-ray emission and absorption spectra as the sizes of the nanoclusters de-
crease all the way down to 1 nm.
Defects present in nanocrystalline diamond have a significant effect on its properties. In particular, substitu-
tional defects (nitrogen, phosphorus, boron, silicon) and their combinations with vacancies create additional levels in
the bandgap, and consequently such defects can be considered as isolated quantum systems, the weak coupling of
which with the rigid lattice of the surrounding diamond is responsible for their exceptionally high photostability even
at room temperature. This is important for practical use of such defects as sources of individual photons for quantum
cryptographic systems now actively under development, the principal advantage of which is the impossibility of unde-
tectable interception of transmitted information encoded in the states of individual photons.
One of the most well studied defects in diamond is the nitrogen-vacancy center (NV center), consisting of a
substitutional nitrogen atom and a vacancy located on an adjacent lattice point of the diamond lattice. Owing to its op-
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tical properties (high quantum yield of ~1, the presence of a triplet-triplet optical transition, spin-selective photokinet-
ics), the center has been widely used in quantum optics as a source of individual photons [13–15], a q-bit (qubit) car-
rier [16, 17], and a light source for near-field spectroscopy [18]. Recently full-scale transfer of a quantum key has
been demonstrated through air at night using a quantum cryptographic system in which an individual NV center in
nanocrystalline diamond was used as the source of individual photons with subsequent polarization encoding (the
BB84 protocol).
NV centers are present both in natural diamonds and in synthetic diamonds. Trapping an electron, the center
becomes a negatively charged [NV]– center, which has a characteristic phononless line in the absorption and fluores-
cence spectra at a wavelength of ~637 nm (energy 1.935 eV). A spectroscopic feature of the [NV]– center is that the
optical transitions in it occur between the triplet electronic ground state 3A and the excited triplet electronic state 3E
(S = 1), each of which is split by the diamond crystal field into a series of magnetic sublevels of fine structure with
distances between them on the order of a few gigahertz (in the absence of an external magnetic field). Owing to the
large oscillator strength of the 3A–3E transition and the almost ideal quantum yield, single molecule spectroscopy
methods have been used to detect [NV]– centers as individual quantum objects at room temperatures and helium tem-
peratures. Furthermore, the triplet nature of the 3A electronic ground state meant that it was possible to study and ma-
nipulate in a targeted fashion the pure quantum state of the single electron spin of the center in this state, using
optically detected magnetic resonance [18–21]. If there are 13C carbon atoms (nuclear spin I = 1/2) near the [NV]–
center in a diamond lattice, usually consisting of 12C carbon atoms having no nuclear spin, then such a system of in-
teracting electronic and nuclear spins can be used as the prototype for the processor of a quantum computer. Recently,
based on the quantum system of a single [NV]– center + a single 13C nuclear spin in nanocrystalline diamond, a
CNOT logic operation was realized at room temperature [20]. The initial quantum state of the system was formed op-
tically, using a laser pulse. The result of the logic operation, executed using pulsed microwave and rf fields, was also
counted optically by measuring the fluorescence photons emitted by the center. The results of different types of experi-
ments with single [NV]– centers in diamond nanocrystals has made it possible to formulate photophysical models for
the [NV]– center and to use them as a basis for describing a broad range of available experimental data [22–24].
Moreover, many questions about the very nontrivial photophysics of the [NV]– center would be more comprehensible
after performing quantum chemical calculations for nanosized diamonds with such centers. To date, calculations have
been carried out only for bulk diamond samples [6, 25–27]. In [28–32] the spin properties of such nanostructures were
mainly studied. In this paper, we focus special attention on quantum chemical modeling of the spatial and electronic
structure of diamond nanocrystals passivated by hydrogen atoms not containing defects or containing [NV]– centers.
These studies are needed for interpretation of the experimental data obtained from the absorption and fluorescence
spectra for [NV]– centers [27].
The Model and the Calculation Method. We have considered diamond nanocrystals for which dangling
bonds at the boundaries are passivated by hydrogen atoms. The nanocrystals were constructed based on clusters ob-
tained by separating a group of carbon atoms from the ideal diamond crystal lattice, after which the calculations were
performed with the aim of determining the geometric structure of the cluster after relaxation.
The calculations were performed for clusters containing from 17 to 71 carbon atoms. We present the results
obtained for a C38H42 cluster containing 38 carbon atoms and 42 hydrogen atoms (Fig. 1a), as the most typical for
the indicated set of clusters. This cluster belongs to the "BC" (bond-centered) group of clusters, a typical feature of
which is the fact that the middle of the cluster is found at the center of a bond between two nearest-neighbor carbon
atoms. We chose this cluster as the basic cluster for the following reasons. The cluster diameter is ~1 nm, and the
carbon atoms form a tetrahedral diamond-like structure and consequently it belongs to the group of "higher diamon-
doids" or hydrocarbonates [33, 34]. We know [33] that this group in the structural series of diamond clusters passi-
vated by hydrogen is now of special interest in connection with the prospects for using them as building blocks for
automated mechanical synthesis of nanodiamond compounds in nanofactories [34, 35]. The properties of the com-
pounds may be different, but they all have such basic characteristics of natural diamond as a Young’s modulus >1050
GPa, melting point >1800oC, density 3500 kg/m3. Based on these characteristics, we can conclude that any article fab-
ricated from them will have much higher rigidity than an analogous article fabricated from steel, for example; they
will have a higher melting point and, owing to the possibility of fabricating fibers, will be much lighter than analogs
made from other materials. At the same time, it is specifically this group of nanostructures that has been the least
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studied [33], and obtaining more complete information about the atomic structure and the electronic structure for a rep-
resentative of the indicated class of compounds is certainly of interest.
On the other hand, the atomic configuration of the cluster selected allows us, when considering nanodiamonds
containing an [NV]– center, to take into account its local symmetry in the best way by locating the substitutional ni-
trogen atom and the vacancy at the center of the cluster at the same distance from its boundary. Accordingly, we can
hypothesize that the local symmetry of the immediate environment of this defect after relaxation will qualitatively co-
incide with relaxation for the analogous defect within the interior of a diamond. This will allow us to make compari-
sons with available results on the electronic structure of [NV]– centers within the interior volume that have been
obtained by other methods (see, for example, [6, 25–27]).
Based on the C38H42 cluster, we generated the cluster C36H42[NH]– containing an [NV]– center formed from
a divacancy by placing a nitrogen atom in one of the vacant positions (Fig. 1b). In this case, one of the two carbon
atoms nearest to the center of the cluster is substituted by the nitrogen atom, while the other is removed from the
cluster, forming a vacancy. For the C38H42 cluster, the calculations were performed in the singlet ground state (S = 0),
while for the C36H42[NV]– cluster, in accordance with much experimental and theoretical [19–27] data, the triplet state
(S = 1) was taken as the ground state.
From the results of the calculations for the clusters C38H42 and C36H42[NV]–, we analyzed their atomic and
electronic structure, the localization of the wavefunctions forming the electronic states in the bandgap, and we deter-
mined the density of electronic states (DES).
The calculations were carried out with full optimization of the geometric structure of the clusters within the
density functional (DF) quantum chemical method, using the B3LYP1 and LSDA functionals and the MINI/6-31G**
basis. We used the PC GAMESS software packages, developed based on GAMESS (US) [36, 37].
Discussion of Results. From the results of the calculations, we analyzed the atomic structure of the clusters
and the electron density distribution. Here we focused our major attention on the local characteristics in the center of
the cluster, where the [NV]– center will be located. As we see from Fig. 1, the atoms of the clusters form groups be-
longing to different coordination spheres. For the C38H42 cluster, two atoms located at the center of the cluster belong
to the first coordination sphere; for C36H42[NV]–, the N atom and a vacancy belong to the first coordination sphere.
The second coordination sphere includes the carbon atoms which are nearest neighbors of the atoms in the first coor-
dination sphere. This includes six carbon atoms, where for the C36H42[NV]– cluster three of them are nearest neigh-
bors of the vacancy, while three are nearest neighbors of the nitrogen atom. A graphical representation and the
numbering of the atoms in this group are shown in Fig. 2.
As the basic calculated quantities, we selected: for the C38H42 cluster, the distance R1 between the two C
atoms belonging to the first coordination sphere and the distance R2 between one of the C atoms belonging to the first
coordination sphere and one of the C atoms of the second coordination sphere; for the C36H42[NV]– cluster, the dis-
tance R1 between the N atom and the vacancy and the distance R2 between the N atom and its nearest neighbor atoms
C1, C2, C3 (Fig. 2), belonging to the second coordination sphere, where for all three atoms C1, C2, C3 these dis-
Fig. 1 Graphical representation of C38H42 (a) and C36H42[NV]– (b) clusters.
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tances are identical and equal to R2 due to the symmetry of the cluster. We also calculated the electron density on the
atoms belonging to the first and second coordination spheres (Table 1).
According to the experimental data in [38], for the crystalline diamond lattice, the C–C distance is 1.541 Å,
while there should be no charges on the atoms for a covalent crystal such as diamond. Comparison of the calculation
results given in Table 1 with these experimental data for the crystal shows that for the C38H42 cluster, the quantities
obtained are sufficiently close to those for crystalline diamond (the values of the charges and the bond lengths corre-
spond to covalent single C–C bonds; the atomic structure corresponds to the diamond lattice). Here the bond between
the C atoms remains tetrahedral after relaxation. Thus after relaxation, the carbon cluster selected for the study pre-
serves the atomic structure typical of a higher diamondoid [33].
Analysis of the atomic structure calculation results for the C36H42[NV]– cluster (Table 1) shows that in this
case, due to symmetric relaxation, the N atom shifts away from the vacancy along the  111  direction by ≈8% of the
length R1 of the C–C bond in the C38H42 cluster, which agrees well with the data in [26, 27] (9% and 8%), in which
the calculations were performed for bulk diamond using the model of a supercell containing 54, 128, and 216 atoms.
At the same time, the distance R2(C–N) for the relaxed structure is shortened compared with the length of the C–C
bond in diamond and is 1.49 Å, which is 0.05 Å longer and 0.01 Å shorter than the analogous values obtained for
this defect in diamond in the cluster approximation [6] (1.44 Å) and in the supercell approximation [25] (1.5 Å),
where the direction of relaxation of the C atoms is the same in all cases. The results obtained allow us to conclude
that the local symmetry of the [NV]– center in nanodiamonds after relaxation matches that in bulk structures. At the
same time, the typical structure based on tetrahedral covalent bonds for the rest of the C36H42[NV]– nanocluster is
preserved, and as before it can be considered as a diamondoid containing a defect (the [NV]– center). Analysis of the
charge distribution shows that for the case of an [NV]– center, the excess negative charge is localized on the N atom
and on several C atoms located at the boundaries of the cluster. In the central portion of the cluster, the charge dis-
tribution does not change significantly compared with the C38H42 cluster.
For calculation of the electronic structure of the C38H42 nanocluster, we used spin-restricted wavefunctions.
We used the calculation results to construct the one-electron levels and the density of states (Fig. 3). From the calcu-
lation results it follows that the system under consideration has an electronic structure typical of a semiconductor with
Fig. 2 Groups of atoms included in the first and second coordination sphere of
the C36H42[NV]– cluster.
TABLE 1 Distances (Å) Between C Atoms Belonging to the First Coordination Sphere and Between C Atoms for the C38H42
Cluster (R1) and the C and N Atoms for the C36H42[NV]– Cluster, Belonging to the First and Second Coordination Sphere
(R2). Electron Density (au) on C Atoms Belonging to the First (ρ1) and Second (ρ2) Coordination Sphere for the C38H42
Cluster and on the N (ρN) and C (ρCM) Atoms for theC36H42[NV]– Cluster





C38H42 1.61 1.57 0.0 0.01 – – –
C36H42[NV]– 1.74 1.49 – – –0.25 0.088 –0.03
Note. The numbering of the C atoms corresponds to Fig. 2.
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bandgap width Eg = 6.19 eV. The latter value was calculated as the energy difference between energy levels corre-
sponding to the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). As
we see from Fig. 3a, the HOMO corresponding to the valence band edge is localized mainly on the C–C bonds and
the H atoms and is uniformly distributed over the entire cluster. Such localization of the valence electrons corresponds
to the nature of the localization within bulk diamond, with formation of strong valence bonds, and allows us to con-
clude that according to these parameters, the considered structure can also be described as a higher diamondoid [33].
In the case of the C36H42[NV]– nanocluster containing an open electron shell (two unpaired electrons), its
electronic structure was calculated using spin-unrestricted wave functions. From the calculation results we constructed
the one-electron levels and density of states separately for spin-up (α spin) and spin-down (β spin) states (Fig. 3b).
Analysis of the density of states shows that in this case, additional subbands are formed in the bandgap which are
formed due to the presence of the [NV]– center. The lower defect state is found in the region 0.8 eV above the top
of the valence band, and the upper defect state is found 2.98 eV below the bottom of the conduction band. Spin split-
ting of the band increases for states that are higher in energy. In this case, the Fermi level is located in the region 2.6
eV above the top of the valence band and consequently the higher energy spin-down states in the bandgap (β spin)
are unoccupied. Such positioning of the states is consistent with the results of calculations performed by the density
functional method in the cluster approximation (for a cluster containing ~70 carbon and hydrogen atoms) [6] and in
the supercell model [25] for the [NV]– center in bulk diamond. Analysis of the localization of the HOMO including
Fig. 3 Density of electronic states (DES) for C38H42 (a) and C36H42[NV]– (b)
clusters. Solid line: spin-up energy states (α spin). Dashed line: spin-down en-
ergy states (β spin). In all cases, the position of the Fermi level (EF), which
corresponds to the energy position of the HOMO, was taken as the zero for
the energy.
Fig. 4 Localization of the HOMO for the C38H42 (a) and C36H42[NV]– (b)
clusters for the density of electronic states given in Fig. 3a and Fig. 3b.
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a higher energy unpaired electron with spin up (α spin) shows (Fig. 4b) that the wavefunction corresponding to this
state is localized on the C4, C5, C6 atoms forming the immediate environment of the vacancy belonging to the [NV]–
center. Thus the optical transitions detected in the absorption and fluorescence spectra are mainly due to electrons
populating energy levels which correspond to wavefunctions describing the upper occupied state (α spin). These results
are consistent with our calculations on localization of the spin density for analogous structures [28–32] and with the
results of [25] for bulk diamond.
Conclusion. For the example of C38H42 and C36H42[NV]– nanoclusters, we have established that the proposed
approach gives results close to those obtained in other papers, and allows us to identify the mechanisms for the for-
mation of the characteristic features of the atomic structure and the characteristics of the electronic structure for the
studied class of compounds.
We have shown that carbon nanocrystals with dangling bonds at the boundary passivated by hydrogen atoms
are formed as diamond-like structures: higher diamondoids in which each C atom is bonded to other atoms via tetra-
hedral covalent bonds. And in the case when an [NV]– center is present, the diamond-like structure of the rest of the
cluster is preserved, taking into account the slight relaxation of the N atom and the three C atoms closest to the va-
cancy in the direction away from the center of the defect.
We have established that nanoclusters passivated by hydrogen atoms have an electronic structure typical for
semiconductors. It consists of a pronounced valence band and conduction band separated by the bandgap. In this case,
the bandgap width for the C38H42 nanocluster is ~6.19 eV, which is 0.69 eV greater than the analogous value for bulk
diamond and matches known ideas about broadening of Eg for nanoparticles [39].
Nanoclusters containing [NV]– centers also have an electronic structure typical for semiconductors, but addi-
tional sets of states are formed in the bandgap. We have shown that the major role in formation of these defect levels
is played by the carbon atoms which are the nearest neighbors of the vacancy of the [NV]– center, while the surface
states are passivated by hydrogen atoms. We have established that the optical spectra are due to transitions of electrons
in the highest occupied energy levels, corresponding to wavefunctions describing the α spin state. The results on lo-
calization and the energy position of the states in the bandgap match data obtained for the [NV]– center in bulk dia-
mond [6, 25].
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